Introduction
There are many ways to prevent the occurrences of foodborne pathogens, such as thermal (pasteurization) and nonthermal (high-pressure processing (HPP), pulsed electric field (PEF), cold (atmospheric) plasma, (high-intensity) ultrasound, ultraviolet and pulsed light (PL)) processing. However, the formation of highly resistant spores by stressed vegetative cells causes major food safety and spoilage concerns.
Multiple nutritional and quality issues associated with thermal processing of foods have made nonthermal technologies attractive to ensure safety and quality of foods. Generally, nonthermal technologies are those which are effective at sublethal or ambient temperature, leading to minimal or no impact on key nutritional and quality parameters of foods ). Various novel nonthermal processing technologies alone or in combination have shown potential for microbial and spores inactivation. Key findings of studying the application of nonthermal technologies in order to inactive vegetative cells and spores, can be summarized as follows: (i) nonthermal techniques are effective in achieving the desired inactivation of microbial vegetative cells; (ii) these techniques result in higher inactivation rates in model food systems compared to real food systems at comparable treatment conditions, probably due to the presence of various food constitutes which may provide protective shield to the target micro-organism; (iii) compared to vegetative cells, nonthermal techniques are less effective against spores; however, the combination of nonthermal and conventional techniques has been shown a capability to inactivate also spores (Chen et al. 2014; Tola and Ramaswamy 2014) . Moreover, inactivation of microorganisms in liquid foods (e.g. milk, juices) by processing interventions was shown to be effective (Berm udezAguirre et al. 2012; Muñoz et al. 2012) .
The aim of this review is to summarize the knowledge on conventional heat and nonthermal methods to inactivate micro-organisms and on the mechanisms of inactivation. Furthermore, transient states of microorganisms during inactivation treatments are described as well as the explicit benefits of usage of nonthermal processing. With respect to the use of the diverse nonthermal technologies, mathematical modelling for prediction of microbial behaviour in food matrix is an essential tool. The aim of this review is also to give overview and focus of predictive microbiology on the quantitative description of the microbial behaviour in food products, for a given set of environmental conditions. The final goal, however, is to answer the question if the micro-organisms are really inactivated after nonthermal processing.
Microbial inactivation (vegetative cells and spores)
Food preservation is aiming on 'disturbing' the homeostasis of micro-organisms (Lado and Yousef 2002) . Microbial homeostasis and sublethal injury are the two most important issues in food preservation. Homeostasis is the tendency of micro-organisms to maintain stability and balance. Every organism strives to survive and every micro-organism has different strategies to handle unfavourable conditions. Microbial homeostasis responses depend on the type of stress the micro-organisms are exposed to such as light, chemicals, water restriction, cold, heat, low pH etc. There are many states in which micro-organisms can be present: viable and culturable, injured, dormant, viable but nonculturable (VBNC) and dead (completely inactivated).
Micro-organisms that survive in acid environments try to keep their internal pH within narrow limits. For that purpose, they expel the protons from the cytoplasm (Marechal et al. 1999) . If they cannot obtain homeostasis and respond to the stresses, micro-organisms either are unable to grow or die.
In addition, micro-organisms might be only injured but not inactivated (sublethal injury) when preservation strategies are applied (Zhao et al. 2013; Millan-Sango et al. 2015) . For example, sublethal injury of microorganisms has not been demonstrated after ultrasound treatment but several studies have indicated that under high hydrostatic pressure processing (HHP) micro-organisms were sublethally injured even at pressures lower than required for complete inactivation (Wuytack et al. 2002) . These injured micro-organisms are more sensitive to other preservation factors such as low pH or antimicrobial components (Ait-Ouazzou et al. 2012; Saldaña et al. 2012; Esteban et al. 2013) .
Spores, being the most resistant form of microbial cells, are relatively difficult to inactivate by common inactivation techniques including heat sterilization, radiation, oxidizing agents and various chemicals (Nicholson et al. 2000) . There are multiple factors contributing to spore's enzymatic dormancy and its resistance. These factors are mainly associated with spore's structure and chemical composition, e.g. the thick outer proteinaceous coat, the low water content in the core, the amount of minerals in the core of dipicolinic acid (DPA), predominantly Ca 2+ (CaDPA) and the DNA protection by its saturation with small acid-soluble proteins of the a/b-type (Setlow 2006) .
Despite their extreme resistance, bacterial spores can be killed among others by damage of DNA, of crucial spore proteins, the spore's inner membrane, and one or more components of the spore germination apparatus. One of the most common methods of inactivating spores in food products is the application of wet heat, generally at temperatures of ≥100°C for short to moderate periods of time (Rodriguez-Palacios and LeJeune 2011; Silva et al. 2012) . In general, fungal ascospores are slightly more resistant than vegetative forms and resistance is less pronounced in fungal ascospores than in bacterial spores.
Thermal processing
The best known and still dominating processing techniques used by the food industry are pasteurization and sterilization. Their main purpose is to ensure food safety and prolong storage time (Nott and Hall 1999) . In these processes, pathogenic and spoilage micro-organisms, like bacteria in their vegetative form, are destroyed due to the application of heat. Otherwise, those microbial cells would multiply in the food product under storage conditions. Microbial inactivation by heat is more effective under acidic compared to neutral or alkaline conditions (Gaillard et al. 1998; Lado and Yousef 2002) . Thermal processing of foods (acid and fermented) is used to destroy microbial vegetative cells. In order to achieve required sterilization effects on thermally treated acidified food, it is crucial to have the temperature needed to inactivate the micro-organisms present throughout the whole food product (Bahc ßeci and Acar 2007).
Being one of the most important factors affecting microbial growth, the temperature of the food product when entering the thermal processing equipment is very important. The higher the initial temperature of the food product, the more quickly the temperature becomes effective in destroying killing micro-organisms.
Nowadays, pasteurization can also be achieved by novel thermal (microwave (MW), radio-frequency (RF) and ohmic heating) and nonthermal technologies (HHP, UV treatment, PEF, high-intensity ultrasound, ionizing radiation and oscillating magnetic field). Those techniques are reported to preserve sensory qualities and nutritive values of the food products (Pereira and Vicente 2010) .
Microwave and RF energy produce heat in dielectric materials like foods due to molecular friction resulting from oscillating molecules and ions caused by the applied alternating electric field.
Microwave pasteurization destroys micro-organisms at lower temperatures compared to conventional pasteurization through significant amplification of thermal effects (Chandrasekaran et al. 2013 ). Due to a nonuniform temperature distribution, micro-organisms are not fully eradicated during MW pasteurization (Vadivambal and Jayas 2010) .
Some bacteria exhibit a higher heat resistance after being exposed to temperatures which only stress them (Nicholson et al. 2000; Huertas et al. 2016) . The medium in which the organism has grown, the growth temperature, and the phase of growth or age of the culture are important factors with respect to their ability to resist heat. It seems to be a common feature that bacteria surviving stress conditions exhibit a higher tolerance to heat or other environmental stress conditions (da Cruz Cabral et al. 2013) . During an inactivation process, not all microbial cells present are inactivated at the same time. Inactivation depends among others on the cell number in the food. The time needed to kill the micro-organism by heat increases with the cell number present in the food product. The design of the thermal inactivation process for a given food depends on (i) the heat resistance of the most resistant micro-organism (in the product); (ii) the food products dimensions; and (iii) thus the rate of heat penetration within the food matrix.
Nonthermal processing
Technologies such as HPP and PEF have achieved significant recognition for commercial applications in respect to inactivation of pathogenic and spoilage micro-organisms. Both technologies have been reported to be less successful in spores inactivation. High-pressure processing of food, in a pressure range of 400-800 MPa for processing time up to 10 min depending on physicochemical properties of the food, is capable of achieving over 5 log reductions for pathogenic and spoilage vegetative cells with low inactivation rates for spores (Table 1) . Pressure resistance of vegetative cells can be reduced by applying pressures at elevated though sublethal temperatures. For example, combination of moderate heating at 50°C can achieve 6 log reductions for vegetative cells at low pressures and shorter times compared to pressure level at ambient temperature (Wilson et al. 2008) . Spores can resist pressures up to 1000 MPa but the application of heat along with pressure, i.e. thermal-assisted pressure sterilization (TAPS) or pressureassisted thermal sterilization (PATS), has shown promising results for the inactivation of spores. In the case of TAPS, food is subjected to an elevated temperature (<100°C) before applying pressure causing sterilization effects (Wimalaratne and Farid 2008) . Shorter processing time, uniform compression heating and rapid cooling on depressurization are reported to achieve complete inactivation of vegetable cells and spores while minimizing thermal impacts on food (Li and Farid 2016 (Choi et al. 2008) demonstrates that spores inactivation is a challenge. Such extreme conditions for inactivation of spores may have several practical implications. Limited scientific literature is available demonstrating the efficacy of PEF treatment on spore inactivation. Hence, it is difficult to conclude the efficacy of PEF on spore inactivation. Ultrasound (US) in a frequency range of 20-100 kHz alone can achieve up to 5 log reductions for pathogenic bacteria including Listeria monocytogenes, E. coli O157:H7, Staphylococcus aureus and spoilage micro-organisms such as Lactobacillus sp. and yeasts in model food systems and some liquid foods (Gabriel 2014; Paniwnyk 2017) . Although reductions by several log units have been reported, these studies cannot be compared directly due to variations in extrinsic and intrinsic control parameters along with the delivery of ultrasonic waves to food products. Ultrasound, in combination with other novel interventions such as antimicrobial agents, temperature and pressure, is reported to enhance inactivation rates for pathogenic and spoilage micro-organisms ( Table 2) . Application of ultrasound in electrolysed water, calcium hydroxide, ozone, nisin has shown effective inactivation of pathogenic bacteria on a range of fruit and vegetables (Chen 2017) . Dislodgement of microbial cells and surface injury caused by high-intensity mechanical waves, can expose cells to disinfecting agents leading to enhanced microbial inactivation. There are only limited studies demonstrating efficacy of ultrasound for inactivation of spores alone or in combination with pressure or temperature. Ultrasound in combination with temperature (70°C) operating at a frequency of 24 kHz, an amplitude of 210 lm, an acoustic energy density of 0Á33 W ml À1 for 90 s, was reported to enhance inactivation of psychotropic B. cereus spores by over fourfold in rice porridge, beef slurry and cheese (Evelyn and Silva 2015) . Ultrasound pretreatment followed by thermal inactivation was shown to be effective in decreasing D values for spores of Bacillus sp. Ultrasound pretreatment of water, whole milk and rice porridge at 20 kHz, an amplitude level of 114 lm, an acoustic energy density of 1Á1 W ml À1 for 5 min followed by thermal treatment (100°C) showed significant reduction in D values-D reduction was to 35% higher than thermal treatment alone (Ansari et al. 2017) . The use of ultra violet (UV) and PL for microbial decontamination of food surfaces, packaging materials against a broad range of pathogenic and spoilage micro-organisms (Kramer et al. 2017; Tremarin et al. 2017 ) has been demonstrated. The capability to inactivate especially micro-organisms showing resistance against chlorine such as Cryptosporidium parvum and Giardia sp. (Hijnen et al. 2006) has initiated an interest for application of UV and PL in various liquid foods. UV light in a wavelength range of 100-400 nm (UV-A: 315-400; UV-B: 280-315 nm and UV-C: 200-280 nm) has been employed for a range of applications. Among these UV-C is having strongest germicidal properties. UV light is capable of inactivating bacterial spores. Due to low penetration of UV light, the treatment was initially restricted to surface decontamination and for liquid foods. These light-based technologies can be continuous (mercury lamps) (which can continuously emit UV photons in both monochromatic and polychromatic modes) or pulsed UV sources by employing Xenon lamps (Gomez-Lopez et al. 2007 ). The use of PL involves the application of pulses of a high power polychromatic light for short durations, and because of being rich in UV-C, an enhanced microbial inactivation occurs. However, the shadowing effect and the heating of food surfaces may have a negative effect on food quality (Oms-Oliu et al. 2010) . PL applications can achieve higher log reductions for flat food surface, on the other hand, microbial inactivation (1-3 log reduction) can be achieved on rough food surfaces such as meat. Microbial inactivation was reported to lower in proteinaceous and fatty foods mainly due to the absorption of UV lights by food macromolecules (Gomez-Lopez et al. 2005) . Efficacy of UV treatment was shown to increase synergistically with the application of mild temperature. The sequential application of mild heat (55-60°C) followed by UV treatment is not as effective as UV light pretreatment followed by mild heating (60°C). The latter has been reported to enhance inactivation rates for a range of spores (Gay an et al. 2013). Combination of chemical hurdles, for example, ozone when used along with UV light treatment was shown to be more effective for spores inactivation than UV or ozone alone or sequential treatments (Jung et al. 2008) . In recent times, nonthermal plasma or cold (atmospheric) plasma (CAP) has been reviewed extensively for its efficacy against a range of micro-organisms pertinent to foods and food packaging materials (Surowsky et al. 2015) . Surface decontamination of food surfaces including red meat, chicken meat, seafood, eggs and fruit and vegetables can be achieved (Xu et al. 2016; Albertos et al. 2017; Ekezie et al. 2017) .
Studies have reported the inactivation of spores by cold plasma on solid surfaces, fabrics and powder culture media . Inactivation of Geobacillus stearothermophilus spores, on polypropylene surfaces and on artificially contaminated wheat grains, by plasma generated reactive species was demonstrated by Butscher et al. (2016) ).
Mechanism of inactivation for each technologystate of the art
Irrespective of the approach to inactivate micro-organisms, the effectiveness of any treatment is mainly associated with three key factors i.e. process, product and target microorganism-related. The understanding of the key underlying mechanism of microbial inactivation is important, not only from an academic perspective, but also to design treatment strategies. Mechanisms of inactivation are technologydependent and are strongly influenced by the morphology and nature of microbial cells. When subjected to environmental stress, microbial cells can be either injured or killed. In some cases, cells are believed to be inactivated, but may only be sublethally injured leading to a recovery or may be lethal leading to cell death. Microbial inactivation can be achieved by causing damage to cell wall, as it is the main obstruction for any environmental stress and responsible for cell shape, morphology and prevention of cell rupture. In general, the inactivation of micro-organisms can be achieved either by chemical modification of cell membranes leading to leakage of cellular components or by altering chemical constituents. Tables 3 and 4 summarize inactivation mechanisms of various technologies for vegetative cells and spores.
It is well known that heat causes membrane damage and protein denaturation (Manas and Pag an 2005) . Nevertheless, it is very difficult to claim which of the heat impacts contributes to cell death. During a heat shock, bacteria such as B. cereus increase the synthesis of heat shock proteins (HSPs) (Periago et al. 2002) .
Inactivation mechanisms associated with the application of high-pressure treatment are well elucidated for vegetative cells. However, for spores inactivation, the knowledge is very limited. Application of HPP causes significant damages to cell membranes, changes in intracellular pH and denaturation of proteins. Bacterial spores are resistant to pressure due to their morphology. It has been shown however, that hydrostatic pressure treatment can initiate germination of bacterial spores and high temperatures combined with reciprocal rapid decompression can cause disruption and injury of germinated spores (Wimalaratne and Farid 2008) .
Electroporation, that is, formation of pores on cellular membrane due to an electric field, has been widely considered as a key inactivation mechanism for inactivation of vegetative cells subjected to PEF. Microscopic imaging of PEF-treated cells showed alterations of cell shape, and significant damages to cell membranes and plasma membranes leading to cytoplasm leakage (Pillet et al. 2016 ). Damages to cell membranes cannot be achieved in case of spores, probably due to desiccation effects as is reported in the case of Bacillus spore coat (Plomp et al. 2005; Pillet et al. 2016) . Limited inactivation of spores by PEF has been attributed to some chemical modifications of protein components of the spore coat, as well as biochemical changes in cortex and core of spores.
Microbial inactivation by employing ultrasound technology is mainly due to sonoporation. Sonoporation, that is, the formation of pores on cellular membranes due to acoustic cavitation, micromechanical shockwaves, compression and rarefaction and sonochemical reactions (generation of free radicals), are some of the key mechanisms responsible for microbial inactivation (Tiwari and Mason 2012; Bilek and Turantas ß 2013) . Morphological changes, thinning or disruption of cell membranes and altering genetic mechanisms have also been proposed. The effect of ultrasound on spores is poorly understood. However, ultrasound in combination with heat is able to induce spores inactivation probably by weakening the spore coat via acoustic cavitation and thus making the spore coat sensitive to temperature (Ansari et al. 2017) . Microbial inactivation by employing light-based technologies and cold plasma is reported extensively (Gay an et al. 2013; Bourke et al. 2017) . The formation of thymine dimers resulting in distortion of the helix in microbial DNA is the key microbial inactivation mechanism for light-based technologies. Although the UV generated when creating a cold plasma can also affect the microbial DNA, the key mechanisms for microbial inactivation using cold plasma are associated with oxidative damage to the cell membrane, as well as damage to proteins and nucleic acids. Depending on the gas source, different reactive gas species with strong oxidative properties can cause significant modifications to the biochemistry of cell membrane and cellular components.
Stress environments, parameters and possible recovery (VBNC and sublethal injuries)
Environmental stresses including heat define that cells produce extracellular proteins to sense stress of the emergent environmental changes (Farkade et al. 2005) . These extracellular components provide early warning of stress. These mechanisms involve changes of gene expression and protein activities with the purpose of preventing and/or reducing damage to cell. Microbial cells exhibit a higher stress resistance in the stationary growth phase compared to the exponential growth phase due to induction of different stress sigma factors (Farkade et al. 2005) . Thus, stress tolerance in micro-organisms is influenced by internal and external factors (type of micro-organisms, stage of development and the environment) (Lehrke et al. 2011) . In order to survive micro-organisms tend to form biofilms, the most powerful microbial defensive system. Bacteria produce carbohydrate matrices and may therefore reduce the effectiveness of decontamination methods (Xu et al. 2015) . If a bacterium survives, it can exist in a VBNC state. This denotes a state in which the cells cannot be detected by standard culture on enriched agar media, although remaining viable and capable of resuscitation under favourable conditions. VBNC was mainly observed among Gram-negative bacteria and has been proposed as a strategy for survival in natural environments (Salma et al. 2013) . More than 60 bacterial species are described as being able to enter into a VBNC state, among them Gram-positive (e.g. L. monocytogenes, Enterococcus, Micrococcus luteus) and Gram-negative (e.g. E. coli, Vibrio cholerae, Vibrio vulnificus, Legionella pneumophila, Campylobacter jejuni, Salmonella enterica, Pseudomonas aeruginosa, Helicobacter pylorii) bacteria can be found (Salma et al. 2013) . 
Adaptation to stress
Nonthermal technologies are working at sublethal temperatures and are causing increased sensitivity of bacterial cells to mechanical stress. This is most likely due to some temperature-induced changes within the cell envelopes of micro-organisms (Cebri an et al. 2016). It is of major concern when micro-organisms adapt to stress during processing. If the cells adapt to a certain stress, it is associated with enhanced protection against other subsequent stresses. Sublethal stress induces the expression of cell repair systems, like exposure of cells to UV induces enzymatic photo repair. Furthermore, it was shown that E. coli survives UV exposure and has an activated specific gene (transcriptional regulator) involved in multiple stress resistance (G omez-Estaca et al. 2017). Several stresses are referred as 'cross-protection' and it can occur because of different kind of stress responses that enable bacteria (exposed to one stress) to become resistant to another stress (Vleugels et al. 2005 ). Many stresses have been shown to induce cross-protection like heat, cold, acid and osmotic stress. So, when microorganisms are exposed to some kind of stress like drying, cold, heat or low pH, those stressed bacterial cells may lose their viability. They can become injured and can adapt that would help them to survive and maybe to grow during stress. These mechanisms that help them to fight, involve modifications of gene expression and protein activities that is targeting to prevent injuries. The molecular mechanisms involved are complex and there are a number of genes involved in bacterial stress response (da Cruz Cabral et al. 2013) . Example is the ability of L. monocytogenes, B. subtilis and S. aureus to resist many environmental conditions. Survival under stress involves specific adaptive responses (HSPs), that are activated upon exposure to heat, low pH, oxidative agents, chemical compounds or any situation in which bacterial growth is compromised (Jambrak et al. 2016) . Subsequent and repetitive exposure of micro-organisms to the preservation process can select highly resistant mutants (Reyns et al. 2004 ).
Mechanical stress
Mechanical burden when applying nonthermal technologies such as shear stresses, microstreaming and formation of micro-jets in the liquid, occurs mainly during high power ultrasound, hydrodynamic cavitation, high-pressure homogenization and cold plasma treatment, resulting in an 'opening' of the cell envelope (poration). These techniques also induce alterations in cell membranes and enzymes inactivation.
Oxidative stress
Oxidative stress is the most important stress in bacteria. It is caused by an imbalance between intracellular oxidant concentration, cellular antioxidant protection and oxidative change of macromolecules (membrane lipids, proteins and DNA repair enzymes) (Chen et al. 2014) . Hydrogen peroxide (H 2 O 2 ) is a powerful bactericide (also for spores) and oxidant that is able to generate oxidizing chemical species like hydroxyl radicals (OH˙). Cold plasma and ultrasound (part of advanced oxidative processes) are causing pyrolysis, electrolysation and ozonization of water, resulting in the production of reactive oxygen species (ROS) and reactive nitrogen species. Among others, hydroxyl radicals (˙OH), superoxide anions (O 2 À ), H 2 O 2 , organic hydroperoxide (ROOH), peroxynitrite (OONO), nitric oxide (NO) and ozone (O 3 ) are formed. All species are very effective in destroying micro-organisms (Tresp et al. 2013; Al-Hashimi et al. 2015; Misra 2015; Duco et al. 2016) . They are causing damages to proteins, DNA molecules, RNA and lipids. O 3 destroys micro-organisms by the constant oxidation of cell components, therefore preventing microbial growth. Enzymes are the main protective system of micro-organisms. Catalases are common enzymes (found in almost allliving organisms) that catalyse the decomposition of H 2 O 2 to produce oxygen and water (Dai et al. 2009 ). Peroxidases reduce hydrogen or organic peroxides by transformation to water and alcohol. Superoxide dismutases dismute superoxide into H 2 O 2 and oxygen.
Osmotic stress
Water availability in a food environment is usually assessed by measuring the water activity (a w ). After adding solutes to a medium (and changing a w ), microbial cells are trying to maintain turgor pressure. This osmotic stress is resulting from low water availability and microorganisms are trying to increase internal cytoplasmic solute concentration through different mechanisms. Temperature, nutrient limitation, levels of osmolarity, humidity and aeration, have been found to be important factors that contribute to the induction of the VBNC state.
Pressure
Application of high pressure to micro-organisms can result in changes in cell morphology, changes in genetics and metabolism. Micro-organisms have several mechanisms to adapt to the environment (changed conditions). They use different protection mechanisms: they transfer to dormant state (endospore); they can activate gene expression (genes that are resistant to stress) or production of resistant mutants. Some micro-organisms form spores when they are in an adverse environment for growth. Spores are less prone to changes in morphology caused by pressure. As stated before, micro-organisms are more resistant to pressure in stationary phase compared to exponential phase of growth (Gao et al. 2014) . In the stationary phase, they have a full structure (membrane protection) and can therefore tolerate higher levels of stress (Han et al. 2016) . On the other hand, HPP inhibits DNA replication and gene expression enzymes. Thus, regulating genes are activated and micro-organisms can adapt to their environment. This may result in the generation of stress-resistant strains (de la Fuente-N uñez et al. 2014) .
Media (food) in which micro-organisms persist or live can have protective effects on microbial cells. Rich media, for example, can provide essential vitamins and amino acids to stressed cells (Capozzi et al. 2009 ). Complex systems (food) containing numerous ingredients may therefore have a baroprotective effect on micro-organisms. Ca 2+ and high sucrose concentrations, for example, can protect E. coli from the effects of HPP (Cebri an et al. 2016) .
Listeria innocua survived in simulated milk with added calcium, magnesium, citrate and phosphate (Lehrke et al. 2011) . Magnesium is stabilizing factor for ribosomes and calcium stabilizes the outer cell membrane. Sucrose protects bacteria by stabilization of the functionality of membrane proteins (Garc ıa 2011). HPP treatment induces oxidative, heat and cold-stress, an SOS response, regulation of genes, flagella systems and other (Koseki and Yamamoto 2007) . These changes to sublethal environmental growth conditions can induce protection mechanisms resulting in novel synthesis of general 'stress' proteins.
Electricity (electrotechnologies)
Pulsed electric field, cold plasma, high voltage discharges could increase the permeability of the cell wall and membrane of bacterial cell (electroporation) (Mahni c-Kalamiza et al. 2014). It was shown that low pH can compromise the efficiency of PEF (Cebri an et al. 2016), and that E. coli adapted to acid stress was more resistant to PEF treatment. Using antimicrobial agents during PEF may facilitate the access to the cytoplasmic membrane (Wesierska and Trziszka 2007) . Electroporation in combination with additional stress may inflict damage, resulting in more or larger pores, or pores with greater stability. PEF alone, however, appears to have very little effect on bacterial spores. When using cold plasma, the inactivation efficacy is influenced by the duration of treatment and mode of exposure due to associated cell damage and recovery. Extended treatment time has been associated with greater inactivation efficacy by inducing higher oxidative stress that is overwhelming repair systems (Han et al. 2016) . Cold plasma is a nonthermal decontamination technology capable of generating groups of antimicrobial agents including; photons, electrons, positively and negatively charged ions, atoms, free radicals and excited or nonexcited molecules (Herceg et al. 2015) . Listeria monocytogenes showed increased resistance cold plasma treatment is compared research to antibiotics (Ziuzina et al. 2014) . First 24 h storage cycle in the cold environment could lead to the increased resistance to cold plasma treatment. After exposure, bacteria may produce biofilms. Also, intracellular ROS revealed that the presence of organic matter in the bacterial suspension might present a protective effect against the action of ROS (produced by plasma) on bacterial cells. For example, E. coli initiates biofilm development in response to specific environmental changes.
Synergistic
Two or more novel nonthermal processes and conventional preservative techniques can be combined to enhance their lethal or inhibitory effects on micro-organisms (Table 3) . Such combinations enhance food preservation at lower individual treatment intensities (Tremarin et al. 2017) . Table 4 describes inactivation mechanisms for vegetative cells and spores.
Mathematical modelling and optimization in nonthermal processing and preservation
Due to the milder processing conditions for nonthermal technologies discussed above, controlling the microbial load and avoiding cell survival becomes utterly important. With respect to the use of the diverse nonthermal technologies, mathematical modelling is an essential tool. More specifically, predictive microbiology focuses on the quantitative description of the microbial behaviour in food products, for a given set of environmental conditions. Therefore, by combining experimental data, microbial knowledge and mathematical techniques, inactivation following nonthermal technologies can be accurately predicted and controlled (McMeekin et al. 1993) .
Predictive models can be classified in different ways: (i) black box (empirical) vs white box (mechanistic) models, (ii) based on spatial scale (macroscopic-mesoscopic-microscopic models), (iii) based on data collection methods (e.g. viable plate counts, flow cytometry) and (iv) kinetic and probabilistic models. In this review, a short overview of kinetic and probabilistic with application to nonthermal technologies is provided.
Kinetic modelling for nonthermal technologies
Based on the model purpose, the following classification for kinetic models exists (Whiting and Buchanan 1993): (i) primary models, describing the microbial evolution as a function of time, given certain (constant) environmental factors, (ii) secondary models, characterizing parameters obtained from primary models as a function of the environmental or processing conditions, and (iii) tertiary models, combining primary and secondary models into software packages (e.g. ComBase, pathogen modelling program). These software packages can finally be utilized in order to virtualize microbial presence for innovative technologies. Kinetic models commonly used with respect to nonthermal processes are summarized in Table 5 .
Kinetic models: primary inactivation models
The most general expression for the microbial behaviour as a function of time can be defined as follows (Bernaerts et al. 2004 À1 ] is the overall evolution rate. Growth is sustained when l is positive, however, when l is negative, cells inactivate. The magnitude of the evolution rate is mainly determined by (i) the microbial environment, i.e. the physicochemical properties <env(t)>, (ii) the physiological state of the cells <phys(t)>, (iii) the concentration of the metabolic products <P(t)>, (iv) the availability of the substrate <S (t)> and (v) interactions with other species <Nj(t)>. A frequently used primary inactivation model is the log-linear model (Chick 1908) , assuming inactivation follows a first order kinetic.
With N(t) [CFU per ml], the microbial cell density at time t, and k [1 min À1 ] the specific inactivation rate.
This simple model has been used frequently with respect to modelling the microbial effect of nonthermal technologies (e.g. Fern andez et al. (2012) for modelling the effect of cold plasma on Salmonella, Picart et al. (2002) for inactivation of L. innocua in dairy fluids by PEF, Mañas et al. (2000) using US for inactivation of Salmonella species or Chun et al. (2009) for inactivation of pathogenic species by UV. It is often more complex to describe microbial inactivation for nonthermal processes using model like the log-linear relation suggested by Chick (1908) which has limitation. Using Watson's (1908) Log-linear model (Chick 1908 Arrhenius type model secondary model Erkmen (2003 Erkmen ( , 2001 ) (high-pressure CO 2 )
Square root type models (Ratkowsky et al. 1982) secondary model Erkmen (2003 Erkmen ( , 2001 ) (high-pressure CO 2 ) Amos et al. (2001) 
(UV)
Polynomials/response surface secondary models where the rate of inactivation is described as an exponential function of the concentration of a disinfectant and the contact time, gives better explanation. Moreover, the model was further modified in order to describe a shoulder (indicating that cells need to be exposed to a certain level of treatment before becoming lethally damaged) or tail (indicating the presence of a (sub)-population resistant to the treatment) in the kinetics (Cho et al. 2003; Selma et al. 2007) . Furthermore, the model of Hom (1972) includes the combined effect of time and concentration, by implementing an additional parameter m in the model. If the empirical constant m < 1, a tailing phase is included, while for m > 1 a shoulder is possible. For m = 0, the model simplifies to the Chick-Watson equation. The disadvantage of these models is the lack of biological interpretation for the parameters included. Unluturk et al. (2010) applied this model for modelling the impact of UV on pathogens.
In order to describe the phenomenon of both a shoulder and a tail, non log-linear modelling structures with a higher biological significance, like the model of Geeraerd et al. (2000) , are frequently used to model the efficacy of nonthermal technologies including US (Adekunte et al. 2010) , cold plasma (Smet et al. 2017 ) and pulsed UV (Luksiene et al. 2007) . Other inactivation models, like the Weibull-type model of (Mafart et al. 2002) , are based on distributions of resistance or sensitivities between individuals in a microbial population.
With d [h], the time for the first log reduction and p the shape parameter. If p < 1, the model corresponds to a concave upward function, when p > 1 to a concave downward function, and for p = 1 reduces to an exponential distribution. Therefore, the model is well suited for inactivation kinetics that are concave or convex. However, the model as such is unable to describe tailing. In order to include the tailing phase, Albert and Mafart (2005) 2010) . Finally, the modified Gompertz model or log-logistic equation was also used to describe nonlinear inactivation, e.g. in Wang et al. (2010) for US treatment of apple juice.
Kinetic models: secondary inactivation models Different secondary inactivation models were developed that were applied for nonthermal technologies. Both the Arrhenius model and the Bigelow model were often used to describe the effect of temperature on the inactivation rate. The Bigelow (1921) model uses D (decimal reduction time) and z (change of temperature required to obtain a 10-fold change in the D-value). Extensions of the model were developed, including additional processing conditions, such as a w , pH, high pressure, amplitude of ultrasound (e.g. (Adekunte et al. 2010) ). The Arrhenius model was originally developed to describe chemical reaction kinetics and is based on thermodynamics. This secondary model, although only valid for a limited temperature range, was used for modelling inactivation of spoilers and pathogens under high-pressure carbon dioxide (Erkmen 2001 (Erkmen , 2003 .
Some of the secondary models for growth have also been applied to model the effect of the processing environment on the inactivation. Although fully empirical, square root models (Ratkowsky et al. 1982) , originally describing the effect of suboptimal temperatures on l max , have been applied to assess the impact of environmental factors in Amos et al. (2001) (combined effect of UV dose and solids concentration on inactivation kinetics) or Erkmen (2001 Erkmen ( , 2003 (relation temperature and inactivation rate for different carbon dioxide pressures). Furthermore, response surface models (e.g. Alvarez et al. (2003) (PEF for inactivation E. coli in citrate-phosphate Mcilvaine buffer), Cao et al. (2010) (US for treatment of strawberries (natural flora)), Sharma and Demirci (2003) (pulsed UV inactivating E. coli in alfalfa seeds)) have often been developed as secondary or integrated models for modelling inactivation.
Probabilistic modelling for nonthermal technologies
The kinetic models described above are deterministic, indicating for identical conditions the model will always result in the same outcome, and are thus unable to consider heterogeneity within populations (e.g. for severe stress). To include different responses within a population, probabilistic models or logistic type models can be used. Logistic type models include growth/no growth models, survival/death models, recovery/no recovery models and spoilage/no spoilage models, and are based on binary responses (Valdramidis et al. 2009 ).
Empirical logistic regression models quantify the chance that micro-organisms grow, survive, recover or spoil as a function of a specific set of environmental or processing conditions. Most often, the boundary region is a transition zone with an increasing change of growth, survival, recovery or spoilage and probabilities can be predicted.
A general second order equation, often based on a polynomial, including three environmental/processing factors can be expressed as: Although often used, the main disadvantage of these type of models is their limited transferability, as they are only valid within their region of construction.
Optimization of nonthermal technologies
Although the use of predictive models can aid to control the microbial population with respect to nonthermal processes, an accurate optimization of the technology itself is crucial. Optimizing a technology in order to obtain the highest efficacy with respect to microbial reduction might be a first concern. However, a proper balance needs to be determined in order to (i) also maintain a products sensory and nutritional quality and (ii) reduce operational costs. Optimization depends therefore on the different influencing factors of the nonthermal technology. Apart from the targeted (possible) microbial contaminations and the food product properties, third important influencing factor are the processing parameters specific to the nonthermal technology of choice. In addition to the treatment time, for HPP the pressure level is considered the main processing parameter of influence, while for PEF the pulse frequency and pulse width are considered important, and for US the ultrasonic power and irradiation dose (Chemat and Khan 2011; Kumar et al. 2015; Denoya et al. 2016) . Finally, while for PL treatments the number of pulsed and the distance to the sample are of interest, cold plasma parameters of high relevance are considered to be the set-up configuration and operating power and gas composition (Oms-Oliu et al. 2010; Smet et al. 2017) . A full understanding and optimization of nonthermal technologies will aid their implementation within a food processing environment.
Conclusion and future perspective
During an inactivation process, not all microbial cells present are inactivated at the same time. Inactivation depends among others on the number of cells in the food. In some cases, cells are believed to be inactivated, but may only be sublethally injured leading to a recovery or may be lethally injured, leading to cell death. Nevertheless, it is very difficult to claim which of the impacts contributes to cell death. For nonthermal processing, there are several parameters that need to be optimized in order to inactivate vegetative cells or spores. Some novel nonthermal processing technologies (UV, HPP, US, PEF, CAP, PL) in combination with elevated temperatures have shown potential for spores inactivation. Sublethal injury of micro-organisms has not been demonstrated after ultrasound treatment but several studies have indicated that HHP processing causes sublethal injury of micro-organisms even at pressures below those required for killing them. The majority of pathogenic and spoilage micro-organisms can be inactivated by using nonthermal processing after optimization. Therefore, vegetative cells and spores can be inactivated if the nonthermal processing is conducted in proper way. Otherwise, the cells are not properly inactivated, so they become injured, enter into VBNC state and are not dead, which implies a very huge problem for food processing. In the future, the key perspective is to combine and optimize nonthermal processing in order to have proper inactivation output.
The high potential of nonthermal processing technologies has been demonstrated repeatedly for a wide range of applications. Apart from the nonthermal advantage, additional benefits (including ecological and economic) strengthen this perspective. However, because of their milder nature as compared to traditional thermal treatments, it is crucial to assure the full inactivation of the micro-organisms present (as indicated in this review paper). Therefore, a full understanding of the possible occurrence of sublethal injury, and thus the possibility of cell recovery following treatment with nonthermal processes, requires further research. In general, a full insight in the effect on the microbial cell will facilitate the optimization of the respective nonthermal technologies and the standardization of the processes (e.g. combination of different (nonthermal technologies). Prior to the application within an industrial context, apart from microbiological safety, other aspects including scale-up of the processes, food quality and regulatory and consumer approval remain a challenge for many of the nonthermal processes discussed. Therefore, future research from both an academic and industrial perspective is essential in order to deal with all challenges, aiming at successful implementation of nonthermal technologies within food processing environments.
